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BACKGROUND OF THE INVENTION 
1. FIELD OF THE INVENTION 

The present invention relates to the field of semiconductor devices. More specifically, 
the invention relates to current sensing circuits. 
5 2. RELATED ART 

Sensing circuits have been in wide use for detecting the current drawn through an 
electrical path or circuit loop in a variety of applications. For example, often it is desirable to 
ascertain the charge capacity of a battery for an electronic device in order to determine and/or 
display how long the device can be operated by a user. A known technique for ascertaining the 
10 charge capacity of battery involves measuring the discharge current drawn from the battery 
during operation and correlating the magnitude of the discharge current to the charge capacity 
level of the battery, as is known in the art. 

In general, sensing circuits determine the discharge current by measuring the voltage 
across a resistor (also referred to as a "sense resistor"), where the sense resistor is either 
15 connected in series with the ground path in "low-side" sensing or connected in series with the 
positive terminal of the battery in "high-side" sensing. In the present application, the voltage 
measured across the sense resistor is also referred to as the "sense voltage." Since the sense 
voltage is a function of the current, e.g., discharge current, through the sense resistor, the charge 
capacity level of the battery can be determined from the magnitude of the sense voltage. 
20 As electronic devices incorporate batteries capable of being recharged, it has also become 

desirable to sense the charge current in addition to the discharge current in order to accurately 
monitor and charge the battery. Consequently, bi-directional current sensing circuits have been 
implemented for detecting discharge current and charge current, which flows in the opposite 



-2- 



Attorney Docket No.: UTL 00380 

direction of the discharge current. Known bi-directional current sensing circuits, however, are 
associated with a number of disadvantages. For example, a common bi-directional current 
sensing approach employs current mirror circuitry. Due to a number of variations, such as 
variations in process and temperature, for example, the elements of the current mirror are very 
5 difficult to match. As a consequence, erroneous results can be generated by such bi-directional 
current sensing circuits. 

Furthermore, the output generated by conventional bi-directional current sensing circuits 
employing current mirror circuitry has significantly reduced dynamic range since a reference 
voltage between ground and the supply voltage ("VCC") is used to differentiate between charge 

10 current and discharge current. In a typical arrangement, the reference voltage is set to 
approximately half of VCC such that output voltage of the sensing circuit which is less than the 
reference voltage corresponds to discharge current, while output voltage which is greater than the 
reference voltage corresponds to charge current. For example, where ground is zero (0) volts 
("V") and VCC is 5V, output voltage between 0V and 2.5V corresponds to discharge current 

15 while output voltage between 2.5V and 5V corresponds to charge current. According to this 
example, the resolution of the output voltage is reduced by factor of two, significantly 
diminishing the dynamic range of the sensing circuit output. 

Other known bi-directional current sensing circuits have employed complex circuit 
components, such as CMOS-based amplifiers, to improve dynamic range. However, such 

20 complex circuits result in significantly increased components and silicon area consumption, 
thereby increasing expense and reducing yield, which are undesirable. 
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SUMMARY OF THE INVENTION 
An accurate and efficient sensing circuit and method for bi-directional signals is 
disclosed. By way of illustration, an exemplary sampling unit is switchably coupled to a resistive 
element, such a sense resistor or field effect transistor, for example. The sampling unit samples 
5 and stores a voltage across the resistive element corresponding to a current flowing through the 
resistive element. Current may flow through the resistive element in either direction. Thus, the 
sampling unit is further switchably coupled to an amplifier by a charge transfer unit. In this way, 
the charge transfer unit and the amplifier convert the sampled voltage to a ground-referenced 
output voltage corresponding to the magnitude of the current and in accordance with the 
10 direction of the current through resistive element. 

According to various embodiments, one or more of benefits may be realized by the 
sensing circuit including, for example, improved dynamic range, improved current sensing 
accuracy, reduced device complexity, reduced manufacturing costs, improved battery capacity 
gauging and accurate battery charge monitoring for battery-operated devices, among others. 
15 Other features and advantages of the present invention will become more readily apparent 

to those of ordinary skill in the art after reviewing the following detailed description and 
accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates a circuit diagram of an exemplary current sensing circuit in 
accordance with one embodiment of the present invention. 

Figure 2 illustrates a flow chart showing an exemplary current sensing operation in 
accordance with one embodiment of the present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 
Referring first to Figure 1, there is shown exemplary current sensing circuit 100 in 
accordance with one embodiment of the present invention. As discussed below, sensing circuit 
100 is capable of accurately sensing bi-directional signals that flow through resistor 102 
5 including current 101a from node 1 14 to node 1 12 and current 101b from node 1 12 to node 1 14 
in an accurate and efficient manner. 

By way of illustration, sensing circuit 100 is suitable for use in detecting charge current 
and discharge current in a portable device, such as a mobile communication device or a wireless 
handset device. A typical mobile communication device includes, among other things, a 
10 transceiver for transmitting and receiving an RF signal, and a mobile power source, such as a 
battery or fuel cell, coupled to the transceiver for supplying power to the transceiver. As such, 
sensing circuit 100 may be integrated into a mobile communication device to provide accurate 
battery capacity gauging and accurate battery charge monitoring. 

In Figure 1, resistor 102 represents any resistive element through which currents 101a 
15 and/or 101b are to be detected. For example, resistor 102 can be a field effect transistor ("FET") 
connected in series with the battery in a high-side sensing arrangement or connected in series 
with the ground path in a low-side sensing arrangement. In a high-side sensing arrangement, for 
example, the positive terminal of a battery (not shown) may be connected to node 1 12, and node 
1 14 may be connected either to a charging unit (not shown) or to the device system (not shown). 
20 In such an arrangement, current 101a represents the charge current and current 101b represents 
the discharge current. In the present application, resistor 102 is also referred to as the "sense 
resistor;" each of currents 101a and 101b is also referred to as the "sense current;" and the 
voltage across resistor 102 is also referred to as the "sense voltage." 
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Continuing with Figure 1, sensing circuit 100 comprises capacitor 104, operational 
amplifier 106, resistors 108 and 110, and switches 122, 124, 126, 128, 130 and 132. Capacitor 
104 functions as a sampling unit to detect, sample and store the sense voltage across resistor 102 
during a sampling mode, and is capable of being switchably coupled to resistor 102. More 
5 particularly, first terminal 140 of capacitor 104 is coupled to a first end of resistor 102 at node 
114 by switch 124, and second terminal 138 of capacitor 104 is coupled to a second end of 
resistor 102 at node 1 12 by switch 122 during a sampling mode. The charge sampled and stored 
by capacitor 104 corresponds to the sense voltage across resistor 102, which, in turn, corresponds 
to the sense current, i.e., either current 101a or current 101b, through resistor 102. Capacitor 104 
10 may, for example, be approximately 1-100 nanoFarads in certain embodiments. According to 
another embodiment of the present invention, capacitor 104 may be maintained across nodes 1 12 
and 114 when not sampling to reduce or eliminate the charge time for capacitor 104 prior to 
switching. 

Capacitor 104 is further capable of being switchably connected to operational amplifier 
15 106 during a charge transfer mode to transfer the charge from capacitor 104 to operational 
amplifier 106 and for generating output voltage ("Vout") 116. As a benefit of this arrangement, 
support for bi-directional current sensing (i.e., both currents 101a and 101b) with significantly 
improved dynamic range output is achieved in an efficient and cost-effective manner, as 
discussed below. As shown in Figure 1, switches 126, 128, 130 and 132 operate as a charge 
20 transfer unit for this purpose. More particularly, first terminal 140 of capacitor 104 is coupled to 
non-inverting input 134 of operational amplifier 106 by way of switch 126 and second terminal 
138 of capacitor 104 is connected to ground 120 by way of switch 128 during a charge transfer 
mode to transfer the sense voltage corresponding to sense current 101a from capacitor 104 to 
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operational amplifier 106. Alternatively, second terminal 138 of capacitor 104 is coupled to non- 
inverting input 134 of operational amplifier 106 by way of switch 130 and first terminal 140 of 
capacitor 104 is connected to ground 120 by way of switch 132 during a charge transfer mode to 
transfer the sense voltage corresponding to sense current 101b from capacitor 104 to operational 
5 amplifier 106. 

Operational amplifier 106 is configured to amplify the sense voltage and generate output 
voltage ("Vout") 116 at output node 118. Even though the sense voltage across resistor 102 may 
be a common-mode signal, Vout 116 generated by sensing circuit 100 is referenced to ground 
120 due to the operation of switches 128 and 132 during the charge transfer operation. Vout 116 

10 may then be transmitted to other components, e.g., an analog-to-digital converter (ADC), for 
further processing. The gain ("G") of operational amplifier is given by: 
G = 1 + (Rp/Ri) (Equation 1) 

where R F and Ri correspond to the resistances of resistor 1 10 and resistor 108, respectively, in 
Figure 1. As shown in Figure 1, resistor 1 10 is connected between output node 118 and inverting 

15 input 136 of operational amplifier 106 to provide negative feedback, and resistor 108 is 
connected between inverting input 136 of operational amplifier 106 and ground 120. According 
to one particular embodiment, the ratio of resistor 110 to resistor 108 is fifteen (15) resulting in a 
gain of 16 for operational amplifier 106. 

Unlike conventional sensing circuits requiring expensive and complex operational 

20 amplifiers, operational amplifier 106 may be employed with a relatively simple operational 
amplifier, e.g., based on bipolar junction transistors, which results in significantly reduced device 
complexity and reduced silicon area consumption. As a benefit, manufacturing costs are 
reduced and device yield is increased. 
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Moreover, due to the arrangement and operation of switches 122, 124, 126, 128, 130 and 
132 in conjunction with capacitor 104 and operational amplifier 106, sensing circuit 100 provides 
support for bi-directional current sensing (i.e., both currents 101a and 101b) with an output 
voltage having significantly improved dynamic range, resulting in significantly improved current 
5 sensing accuracy. For example, sensing circuit 100 does not require a reference voltage for 
differentiating between currents 101a and 101b at Vout 1 16. Instead, the full range of Vout 116, 
e.g., between ground and the supply voltage, can be associated with the sense voltage 
corresponding to either current 101a and 101b, depending on which of switches 126, 128, 130 
and 132 were activated during the charge transfer operation between capacitor 104 and 
10 operational amplifier 106, as discussed above. As a benefit, the dynamic range of Vout 116 is 
greatly improved, which results in improved accuracy for determining the current through 
resistor 102. 

Referring now to flow chart 200 of Figure 2, there is shown an exemplary operation for 
sensing circuit 100 according to one embodiment of the present invention. Certain details and 

15 features have been left out of flow chart 200 of Figure 2 that are apparent to a person of ordinary 
skill in the art. For example, a step may consist of one or more sub-steps or may involve 
additional circuitry, as known in the art. While steps 210 through 250 shown in flow chart 200 
are sufficient to describe one embodiment of the present invention, other embodiments of the 
invention may utilize steps different from those shown in flow chart 200. 

20 At step 210, capacitor 104 is connected to resistor 102 during a sampling mode by 

activating (or "closing") switches 122 and 124 and deactivating (or "opening") switches 126, 
128, 130 and 132. As discussed above, resistor 102 develops a sense voltage across nodes 112 
and 1 14 proportional to the sense current through resistor 102. This sense voltage corresponds to 



-9- 



Attorney Docket No.: UTL 00380 

the magnitude of current 101a when a battery connected to node 112 is being charged by a 
charging unit connected to node 114 or to the magnitude of current 101b when a battery 
connected to node 112 supplies a voltage to a device system connected to node 114, i.e., during 
battery discharge. First terminal 140 of capacitor 104 develops a higher potential relative to 
second terminal 138 during battery charging. Conversely, second terminal 138 of capacitor 104 
develops a higher potential relative to first terminal 140 during battery discharge. 

At step 220, the sense voltage across resistor 102 is sampled and stored by capacitor 104. 
At step 230, the sampling mode is concluded, and switches 122 and 124 are deactivated to 
disconnect capacitor 104 from resistor 102. 

At step 240, capacitor 104 is connected to non-inverting input 134 of operational 
amplifier 106 in accordance with the direction of the sense current through resistor 102. For 
example, switches 126 and 128 are activated to connect first terminal 140 of capacitor 104 to 
non-inverting input 134 of operational amplifier 106 and to connect second terminal 138 of 
capacitor 104 to ground 120 for detecting battery charge current, i.e., current 101a. In this case, 
switches 130 and 132 remain open. As another example, switches 130 and 132 are activated to 
connect second terminal 138 of capacitor 104 to non-inverting input 134 of operational amplifier 
106 and to connect first terminal 140 of capacitor 104 to ground 120 for detecting battery 
discharge current, i.e., current 101b. In this case, switches 126 and 128 remain open. 

At step 250, the charge stored by capacitor 104 (corresponding to the sense voltage 
detected during step 220) is transferred to operational amplifier 106 and amplified by operational 
amplifier 106 to generate Vout 1 16 at output node 118. As discussed above Vout 1 16 is ground- 
referenced and has significantly improved dynamic range, which provides improved accuracy in 
detecting the sense current across resistor 102. Moreover, due to the switching operation 
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discussed above, support for detecting the sense current across resistor 102 in both directions, 
i.e., currents 101a and 101b, is provided. Furthermore, these advantages are realized by sensing 
circuit 100 with significantly reduced device complexity, resulting in reduced manufacturing 
costs and increased device yield. In addition, sensing circuit 100 exhibits greater tolerance to 
5 process and temperature variations since current mirror circuitry is not required. 

Furthermore, control of switches 126, 128, 130 and 132 can be easily provided without 
significantly increased circuitry. For example, signals representative of the presence or absence 
of a battery charging condition can typically be used to enable switches 126 and 128 and disable 
switches 130 and 132 or to disable switches 126 and 128 and enable switches 130 and 132, 

10 respectively. Alternatively, the polarity of the sense voltage can be determined by taking two 
samples from capacitor 104, i.e., the first sample taken while enabling switches 126 and 128 and 
disabling switches 130 and 132, and the second sample taken while disabling switches 126 and 
128 and enabling switches 130 and 132, wherein the more positive of the two samples identifies 
the amplitude and polarity of the sense voltage. 

15 In sum, due to the particular arrangement and operation of sensing circuit 100, 

significantly improved accuracy in detecting sense current through resistor 102 is achieved in an 
efficient and cost effective manner, as discussed above. The benefits of sensing circuit 100 can 
thus be realized in a number of applications. For example, an accurate measure of the capacity of 
a battery can be determined and indicated to the user of a device. Furthermore, efficient and 

20 improved battery charging can be carried out since an accurate measure of the charge current can 
be ascertained. 

From the above description of exemplary embodiments of the invention, it is manifest 
that various techniques can be used for implementing the concepts of the present invention 
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without departing from its scope. Moreover, while the invention has been described with 
specific reference to certain embodiments, a person of ordinary skill in the art would recognize 
that changes could be made in form and detail without departing from the spirit and the scope of 
the invention. For example, a resistor (not shown) could be placed in series with capacitor 104 
5 and non-inverting input 134 of operational amplifier 106 in Figure 1 to provide a time-averaged 
representation of a fast moving signal in certain embodiments. In this particular case, a second 
capacitor (not shown) may be further connected across non-inverting input 134 of operational 
amplifier 106 and ground 120 to prevent slewing of Vout 116 between samples. The described 
exemplary embodiments are to be considered in all respects as illustrative and not restrictive. It 
10 should also be understood that the invention is not limited to the particular exemplary 
embodiments described herein, but is capable of many rearrangements, modifications, and 
substitutions without departing from the scope of the invention. 

Thus, an accurate and efficient sensing circuit and method for bi-directional signals have 
been described. 
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